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Abstract 
This paper presents a new approach for the fabrication of a three-axis capacitive MEMS accelerometer that is capable of 
differentially sensing the acceleration in all three orthogonal axes. For the first time in literature, differential sensing for the out 
of plane direction is achieved by defining a movable sensing electrode on the structural layer of the SOI wafer that is sandwiched 
between two stationary electrodes defined on the glass substrate and the handle layer of the SOI wafer enabling the differential 
sensing. In this approach, individual lateral and vertical axis accelerometers are fabricated in the same die on an SOI wafer which 
is anodically bonded to a glass substrate. 
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1. Introduction 
Capacitive MEMS accelerometers have the advantages of providing low temperature coefficients, low power 
dissipation, low fabrication costs, and feasibility of MEMS and IC integration. With those advantages, capacitive 
sensing based MEMS accelerometers have been widely used and well-received in the MEMS market. Specifically, 
differential capacitive sensing is considered as a promising approach since it provides further advantages including 
high sensitivity and low noise characteristics. 
Although three-axis acceleration sensing is required in many applications, most of the current micro fabrication 
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approaches are limited to fabricate these differential sensing capacitive accelerometers either in a single-axis or 
dual-axis form. Many different approaches have also been reported for the fabrication of individual vertical axis 
accelerometers [1,2], and these techniques have also been used for the fabrication of monolithic three-axis 
accelerometers [3,4]. Nevertheless, it still remains a challenge to realize a vertical-axis accelerometer based on 
differential capacitive sensing mechanism, and further to integrate that vertical-axis accelerometer to the lateral ones 
in order to achieve a three-axis accelerometer with varying gap capacitive sensing electrodes for all sense directions.  
This paper reports, for the first time in the literature, a three-axis differential capacitive MEMS accelerometer 
having individual lateral and vertical axis accelerometers defined in the same die where differential sensing for the 
vertical axis accelerometer is enabled by defining the movable electrode between two fixed electrodes defined on 
the glass substrate and the handle layer of the SOI wafer [5]. 
2. Sensor Design and Fabrication Processes  
The three-axis accelerometer presented in this paper is constructed as three major layers. The first layer is the 
glass substrate on which the bottom electrode, Cr/Au layer of the vertical axis accelerometer is defined, and a recess 
region for the lateral axis accelerometer is etched. All metal interconnections except the top electrode for the vertical 
axis accelerometer are also fabricated on that glass substrate. 
The second layer is the structural layer of the SOI wafer having 35 μm thicknesses. The proof mass of the 
vertical and the lateral axis accelerometers, and one of the capacitive gaps between the bottom electrode and the 
proof mass of the vertical axis accelerometer are all defined on that layer.   
The third layer is the handle layer of the SOI wafer which is used as a top electrode for the vertical axis 
accelerometer. The second capacitive gap between the top electrode and the proof mass of the vertical axis 
accelerometer is defined by the buried SiO2 layer of the SOI wafer which is selectively removed at the end of the 
fabrication processes in order to release the mechanical structures. Furthermore, the bulk Si layer over the lateral 
axis accelerometer on the handle layer is completely etched away. Fig. 1 and Fig. 2 show the schematic three 
dimensional and cross sectional views of the designed three-axis accelerometer, respectively. 
 
 
 
 Fig. 1. 3D schematic drawing of the designed three-axis   
 accelerometer. 
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Fig. 2. The cross sectional layout of the designed three-axis accelerometer structure. 
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Fig. 4. Mode analysis results of the vertical and lateral axis accelerometers. The 
resonance frequencies are (a) 2872 Hz for the vertical axis accelerometer (b) 2625 
Hz for the lateral axis accelerometer.  
 
 
 
     
Fig. 3. Proof mass and top electrode structure of the vertical    
axis accelerometer composed of 10 x 10 μm2 unit cells with a  
4 μm damping radius. 
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Both lateral and vertical axis accelerometers are modeled with Comsol Multiphysics software for verification.  
With the Comsol analysis, resonance frequency and capacitance value of the lateral and vertical axis accelerometers 
are simulated and results are compared with the hand calculations results. To simplify the mode analysis, perforation 
on the structure shown in Fig. 3 is removed in the simulations and the mass of the perforation holes are included by 
adjusting the density of Si material to match the mass of the original design. Fig. 4 shows the simulation results of 
the vertical and lateral axis accelerometers in their first mode of operation. 
The fabrication process starts with the glass wafer which is used as the substrate for the lateral and the vertical 
axis accelerometers.  Glass substrate is patterned to define the recess region for the lateral axis accelerometer and 
etched in 49% HF on the glass wafer (Fig. 5-a). After stripping the masking material, Cr/Au layer is deposited to 
define the contacts metallization for the lateral and the vertical axis accelerometers. In this step, the bottom electrode 
of the vertical axis accelerometer is also defined (Fig. 5-b).  
SOI wafer processes starts with patterning and etching the device layer of the SOI wafer in SF6 plasma to 
define the 2 μm capacitive gap between the bottom electrode and the proof mass of the vertical axis accelerometer 
(Fig. 5-c).  In order to define the proof mass of the vertical and the lateral axis accelerometers, the device layer of 
the SOI wafer is patterned and etched in DRIE process down to etch stop layer, the buried oxide layer (Fig. 5-d).  
After cleaning the glass and the SOI wafers in 1:1 piranha solution, wafers are anodically bonded (Fig. 5-e). 
In the next step, 300 μm thick handle layer of the SOI wafer is grinded to 50 μm thickness (Fig. 5-f). Cr/Au 
layer is deposited over the thinned handle layer of the SOI wafer, and patterned to define the contact metallization 
for the top electrode of the vertical axis accelerometer (Fig. 5-g). As the last step, DRIE etching is done to define the 
top electrode of the vertical axis accelerometer on the handle layer of the SOI wafer. Bulk Si layer over the lateral 
axis accelerometer is also completely etched down to the buried oxide layer in this step (Fig. 5-h). 
Finally, after the dicing step, devices are released in 1:7 BHF (Fig. 5-i). Fig. 6 shows the SEM images of the 
fabricated lateral and vertical axis accelerometer structures after the releasing and drying steps. 
 
 
          
        (a) Recess region formation on the glass wafer for the lateral axis  
             accelerometers. 
          
        (b) Metallization to define the bottom electrode of the vertical axis  
              accelerometer and contact metallization for all accelerometer. 
          
        (c) 2 μm gap etching on the SOI wafer for the vertical axis  
            accelerometer. 
         
       (d) DRIE to define the lateral and vertical axis accelerometer  
            structures. 
          
        (e) Anodic bonding of the SOI wafer to the glass substrate. 
         
       (f) Grinding the handle layer of the SOI wafer to 50 μm thickness. 
          
        (g) Top electrode metallization for the vertical axis accelerometer. 
         
       (h) DRIE to define the top electrode of vertical axis accelerometer  
            and to etch the bulk Si over the lateral axis accelerometers.  
 
(i) Releasing fabricated accelerometers in 1:7 BHF. 
Fig. 5. Three-axis accelerometer fabrication process flow. 
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Lateral and vertical axis accelerometer 
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(SOI-Handle layer)      (SOI-Structural layer)      (Cr/Au layer) 
 
Fig. 6. SEM images of the lateral and vertical axis accelerometers. 
 
3. Sensor Level Test Results 
Both lateral and vertical axis accelerometers located in the same die are measured separately by applying DC bias 
voltages between the proof mass and one of the fixed electrode of the accelerometer while the other fixed electrode 
is grounded for eliminating the parasitic capacitance during the die level tests.  
The design parameters of the vertical and lateral axis accelerometers are given in Table 1, and Table 2 shows the 
comparison of theoretical and test results for the rest capacitance and the capacitance change of the lateral and 
vertical axis accelerometers in which the effect of fringing field is ignored. The test results and the theoretical 
calculations are in good agreement with each other for the lateral axis accelerometers. On the other hand, about 30% 
difference in the measured rest capacitance of the vertical axis accelerometer is observed compared to the hand 
calculation results. This difference stems from the fringing field effect that exists in the vertical accelerometer due to 
the perforation on the proof mass, which is also observed during the capacitive simulation of that structure. 
 
Table 1.  Design parameters of the lateral and the vertical axis 
accelerometers. 
Design Parameters Vertical Lateral 
Proof mass (ng) 214 211 
Spring constant (N/m) 62,7 56.3 
Sensing gap (μm) 2.0 2.0 
Resonance frequency (Hz) 2724 2599 
Rest capacitance (pF) 8.5 10.5 
Brownian noise (μg/√Hz) 5.9 5.7 
 
Table 2. Comparison of theoretical and test results for the rest capacitance   
and capacitance change of the lateral and vertical axis accelerometers. 
 
 
Designed  CRest (pF) C-V (fF) Change at ±1V  1st Elect. 2nd Elect. 1st Elect. 2nd Elect. 
Lateral 10.3 10.3 181 181 
Vertical 8.5 8.5 67 67 
Measured 1st Elect. 2nd Elect. 1st Elect. 2nd Elect. 
Lateral (x) 10.61 10,56 199 213 
Lateral (y) 10.58 10.56 202 197 
Vertical 11.08 10.89 216 211 
4. Conclusions 
A three-axis capacitive MEMS accelerometer having varying gap differential sensing electrodes for all sensing 
directions has been designed and fabricated successfully using SOI on glass process. For the first time in the 
literature, differential sensing for the out of plane accelerometer is achieved by defining a movable electrode on the 
structural layer of the SOI wafer that is placed between two fixed electrodes defined on the glass substrate and the 
handle layer of the SOI wafer. [6]. All accelerometers are expected to provide comparable performances whose 
Brownian noises are estimated to be below 6 μg/√Hz.  
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